We describe a candidate gene approach for associating SNPs with variation in flowering time and watersoluble carbohydrate (WSC) content and other quality traits in the temperate forage grass species Lolium perenne. Three analysis methods were used, which took the significant population structure into account. First, a linear mixed model was used enabling a structured association analysis to be incorporated with the nine populations identified in the structure analysis as random variables. Second, a within-population analysis of variance was performed. Third, a tree-scanning method was used, in which haplotype trees were associated with phenotypes on the basis of inferred haplotypes. Analysis of variance within populations identified several associations between WSC, nitrogen (N), and dry matter digestibility with allelic variants within an alkaline invertase candidate gene LpcAI. These associations were only detected in material harvested in one of the two years. By contrast, consistent associations between the L. perenne homolog (LpHD1) of the rice photoperiod control gene HD1 and flowering time were identified. One SNP, in the immediate upstream region of the LpHD1 coding sequence (C-4443-A), was significant in the linear mixed model. Within-population analysis of variance and tree-scanning analysis confirmed and extended this result to the 2118 polymorphisms in some of the populations. The merits of the tree-scanning method are compared to the single SNP analysis. The potential usefulness of the 4443 SNP in marker-assisted selection is currently being evaluated in test crosses of genotypes from this work with turf-grass varieties.
A SSOCIATION or linkage disequilibrium (LD) mapping in crop plant species has received increasing attention in recent years owing to its potential for fine mapping of traits and the prospects for identifying functional markers (Nordborg and Tavare 2002; Flint-Garcia et al. 2003; Rafalski and Morgante 2004; Flint-Garcia et al. 2005; Gupta et al. 2005; Yu and Buckler 2006; Breseghello and Sorrells 2006a) . By using populations of unknown pedigree, the recombination events that have occurred over many generations are exploited for more refined mapping than is possible in conventional F 2 or backcross mapping families (Flint-Garcia et al. 2003) . The method thus has the potential to provide useful markers for marker-assisted selection (MAS) in genetic improvement programs. It was first used as a candidate gene approach in plants by Thornsberry et al. (2001) , who demonstrated association between allelic variants and flowering time in the Dwarf8 gene in maize. It has been followed by other analyses in maize (Wilson et al. 2004; Szalma et al. 2005; , rice (Bao et al. 2006a (Bao et al. , 2006b ), Arabidopsis thaliana (Olsen et al. 2004; Aranzana et al. 2005) , barley (Ivandic et al. 2002; Kraakman et al. 2006) , and wheat (Breseghello and Sorrells 2006b ). The method is dependent upon LD (the nonrandom occurrence of alleles at different loci) between marker and phenotype, and this is affected by recombination. The effective recombination rate in turn is influenced by the breeding system. In inbreeding species effective recombination is lower, whereas in self-incompatible species the opposite is the case. In species where LD has been studied, it has in general extended further in selfcompatible species, than in those that are out-breeding (Flint-Garcia et al. 2003; Rafalski and Morgante 2004) . The potential for higher resolution mapping would therefore be expected in the latter species.
The important temperate forage and amenity grass Lolium perenne is an obligate out-breeding species (Cornish et al. 1979) . One would thus expect LD to decay to insignificant levels over short distances. The only data on LD in L. perenne come from an AFLP marker analysis of populations, in which the resolution was limited by the 2-3-cM resolution of the F 2 mapping family onto which the markers were mapped , and from preliminary data on the alkaline invertase Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under accession nos. AM489608 and AM489692bb 1 being analyzed further in this work (Humphreys et al. 2006) . In the absence of more extensive information of the extent of LD within genes and given the obligate out-breeding nature of the species, it seemed reasonable to assume that LD decays rapidly. A candidate gene approach to association mapping thus appeared most likely to be successful, since a genome-wide approach would require an excessive number of molecular markers to be certain of identifying markers in LD with any given QTL allele. A careful selection of target genes with a probable role in controlling a phenotype is more likely to lead to identification of useful markers associated with a trait.
Population structure also has a major effect on LD. It is influenced by population genetic forces such as drift, selection, population admixture, and gene flow (Gaut and Long 2003) . The selection of populations for association mapping is therefore an important issue in terms of capturing the maximum variation in the trait of interest, while minimizing effects of population structure.
Here, we are focusing on two traits in L. perenne: flowering time or heading date (HD) and content of water-soluble carbohydrates (WSCs). Both traits are of fundamental importance for plant growth and development and affect traits of practical and economic significance in forage and turf grass breeding. In particular, HD has an impact on biomass production, persistency, and quality including WSC (Wilkins and Humphreys 2003) . Both traits have a high degree of heritability, and high sugar grass varieties have been bred (Wilkins and Humphreys 2003) . However, there is still a need for further improvement in this trait, and there are a number of genes that could be targeted as candidates, particularly those involved in fructan biosynthesis or breakdown and enzymes involved in sugar metabolism such as invertases (Gallagher et al. 2004; Chalmers et al. 2005) . Here we use a cytosolic neutral/alkaline invertase (Gallagher and Pollock 1998) , which has been mapped to a QTL on chromosome 6 for glucose and fructose content in L. perenne . This LpcAI gene encodes an enzyme that hydrolyses sucrose to produce glucose and fructose, the substrates for respiration and biosynthesis of primary and secondary compounds as well as regulation of gene expression by sugars (Gallagher and Pollock 1998; Gallagher et al. 2004) . Expression of this neutral/alkaline invertase gene is more or less constant in response to a number of perturbations including variation in sucrose substrate concentration, light, and position in the leaf i.e., age of tissue (Gallagher and Pollock 1998) .
The genetic control of flowering in L. perenne is mainly determined by day length and temperature. Short days and low temperatures (vernalization) are required as a primary induction, followed by longer days and higher temperatures. There is however, a large degree of genetic variability for this trait within L. perenne. Orthologous genes to some of those involved in the photoperiodcontrolled flowering induction in the model species A. thaliana have been identified in rice (Yano et al. 2000) and forage grasses (Armstead et al. 2004; Armstead et al. 2005) . In particular, the HD1 homolog of the CONSTANS gene in A. thaliana (Putterill et al. 1995) is located on chromosome 7 in L. perenne within a major QTL for flowering time ( Jones et al. 2002; Armstead et al. 2004) . Its expression is upregulated in response to long days, and it is capable of complementing a mutant CONSTANS line in A. thaliana (Martin et al. 2004) . These pieces of evidence are all consistent with the idea that LpHD1 is involved in the photoperiodic control of the flowering phenotype. We have therefore used this to search for allelic variants associated with HD. The importance of population structure is illustrated in the association analysis described here in which populations from throughout Europe were selected to maximize variation in HD (and to some degree also WSC) and analyzed for association of these traits with allelic variation in two candidate genes, LpHD1 and LpcAI, respectively.
MATERIALS AND METHODS
Plant material: In total, 96 genotypes from each of nine populations of L. perenne were used in this work, of which seven are natural or seminatural and two were varieties. The populations all originate from Europe. They were primarily selected to provide the maximum possible variation in HD and details of their origin are listed in Table 1 . Second, wherever possible, populations within the same flowering time category, but from more than one distinct geographic origin, were represented. This was done to minimize the risk of spurious correlations with latitude. Third, populations with variation in HD are also likely to vary in WSC content, so have the potential to provide useful material for association analysis of forage quality traits. Seeds were planted in 6-in. diameter pots in potting compost in 2003, and plants left in a polytunnel to vernalize. HD was recorded in 2004 while still maintained as single genotypes in individual pots in the polytunnel. After flowering, above ground plant material was harvested, dried, and prepared for Near Infrared Reflectance Spectroscopy (NIRS) analysis of WSC, nitrogen content (N), and dry matter digestibility (DMD) as described (Lister and Dhanoa 1998) . Tillers were planted as spaced plants in a field near the Institute of Grassland and Environmental Research in a fully randomized design in two replicates. The following year HD, WSC, N, and DMD were recorded or measured as in 2004. The HD data for 2005 represent the mean of two replicates.
DNA, sequencing, and SNP analysis: Extraction of DNA was performed as described previously . Sequencing was carried out using an ABI 3100 genetic analyzer according to the manufacturer's instructions (Applied Biosystems, Warrington, UK). Primers for amplification of PCR fragments for sequencing within the LpHD1 and LpcAI are listed in Table 2 . The primers were designed from sequences deposited in the EMBL/GenBank data libraries under accession numbers AM489608 and AM489692, respectively. A total of 5604 bp of the LpHD1 locus was resequenced, corresponding to base pair numbers 10720-16323 in AM489608. This included a putative peroxidise precursor gene located upstream of LpHD1, as well as the sequence between the two genes and exon 1 of LpHD1. Despite numerous primer designs and PCR reaction modifications, we were unable to obtain reliable PCR amplification for SNP discovery in the 39 region of the LpHD1 gene, including the second exon. In the LpcAI locus, three segments were resequenced: base pair numbers 61-1263, 1927-2730, and 4635-5465 , covering a total of 2796 bp (starting at base number 701 in AM489692). The sequenced segments cover $800 bases upstream of the codon start site and exon 1, then exons 2 and 3, and finally exons 5 and 6. This resequencing strategy was used to enhance the chances of detecting SNPs in the upstream regulatory sequence and coding sequence. The PCR reactions were performed in a total volume of 50 ml containing 30 ng DNA, 13 Roche Taq buffer with Mg 21 , 200 mm of each dNTP, 200 mm of each primer, and 0.05 units of Taq polymerase (Roche Diagnostics, West Sussex, UK). The PCR reactions were carried out using an ABI 9700 thermocycler (Applied Biosystems). The conditions were as follows: a 2-min 94°denaturation step followed by 40 cycles of 94°for 30 sec, annealing temperature for 30 sec, and 72°for 1 min, followed by a final 7-min extension step at 72°. The annealing temperature varied between 55°and 60°depending on the melting temperature of the specific primer pair.
The discovery of SNPs in the LpHD1 gene was performed by sequencing a subset of two genotypes from each of the nine populations. The eight SNP loci selected for the full data set were analyzed for polymorphism using the TaqMan assay. Primers and fluorescent probes were designed using the Primer Express version 2 program (Applied Biosystems) and are listed in Table 3 . The allelic discrimination assay was performed using the ABI 7500 Real Time PCR system (Applied Biosystems), with the default settings on the PCR program. The reaction mix consisted of 13 Taqman universal buffer, 0.9 mm of each primer, 0.1 mm of each probe, and 10 ng of genomic DNA. For SNP discovery in the LpcAI gene, 19 genotypes were used, 7 of which were from the 9 populations described here. The remaining 12 were genotypes from different populations previously described . LD and neutrality tests were performed on these two subsets using the program DnaSP (http:/ /www.ub.es/dnasp) (Rozas et al. 2003) . Due to the heterozygous nature of the sequence data, haplotype pairs were inferred using the PHASE version 2.0 program (Stephens et al. 2001; Stephens and Donnelly 2003) , so that two sequences were entered for each individual. Fisher's exact test was used to calculate the significance of pairwise LD, and Tajima's D test was used to estimate neutrality of the SNP polymorphisms. Fifteen of the 92 SNPs in the LpcAI gene were selected for subsequent genotyping in 450 of the 864 genotypes (50 from each population). Three factors determined which SNPs were selected: the availability of a sufficient length of monomorphic sequence to allow primer design, inclusion of amino acid changing polymorphisms wherever possible, and representation of all the inferred haplotypes. The genotyping analysis was carried out by KBiosciences (Hoddesdon, UK).
AFLP analysis was performed as described , except that an ABI 3130xl Genetic analyzer (Applied Biosystems) was used to separate the fluorescently labeled fragments, and Genemapper version 3.7 (Applied Biosystems) rather than Genotyper version 3.7 was used to analyze the data.
Data analysis: The AFLP molecular marker data were analyzed for basic population genetics parameters including genetic diversity and population differentiation using the method of Lynch and Milligan (1994) as implemented in the AFLP-SURV 1.0 program (Vekemans 2002) . Markers from individual primer pairs were analyzed separately to avoid the creation of too large data files. Since AFLP markers are dominant, we had to assume Hardy-Weinberg equilibrium. Analysis of variance (ANOVA) and linear mixed model analysis was performed using Genstat Release 8.11 (http:/ / www.vsni.co.uk). In the latter, SNP genotypes were fitted as 1  AI1F  GCTTTTCTGTTAGCCCAATG  AI1R  AAGGTCATCAATCCTCTGGC  2  AI2F  GCATCCAGTTTACCCCTCAG  AI2R  CGTACAATTTCATACTCCCCC  3  AI3F  TTCCATCCTCTCTTCCCTTC  AI3R  CATGGCTTGACTTTTGACAAAC  4  AI4F  GGCAACAACCCAACAATCAC  AI4R GCATTCCTCCATCAAAAGCAC fixed terms, and population structure was incorporated by fitting inferred clusters as a random term. The population structure was estimated using the program STRUCTURE version 2.1 (Pritchard et al. 2000) . Since the input data for that analysis consisted of dominant AFLP markers a noadmixture model was employed, in which allele frequencies were considered independent among populations. Only markers with a band frequency $0.05 were used. The length of the burn-in period and the number of MCMC replications after the burn-in was 50,000 for each. The given number of populations (K) was varied between 2 and 10. This choice was based on the fact that the genotypes consisted of seven geographically distinct populations within Europe, and the remaining two populations were varieties developed at the Institute of Grassland and Environmental Research (Table 1) . Haplotypes in the two genes were inferred using a Bayesian approach implemented in the program PHASE version 2.0 (Stephens et al. 2001; Stephens and Donnelly 2003) . The default settings were used since the haplotype frequencies and the goodness-of-fit measure were consistent between runs. The inferred diplotypes obtained from running this program was used as input in the program TREESCAN version 0.9 (http:/ /darwin.uvigo.es) (Templeton et al. 2005) . This software was used to perform a tree-scanning analysis of the phenotypic data against haplotype trees constructed from the haplotypes inferred in PHASE 2.0. The list of haplotypes in the best reconstruction from the PHASE version 2.0 output file was used for the construction of the haplotype trees, employing the phylogenetic program PHYLIP version 3.6 (Felsenstein 1993 ) using maximum parsimony. The default setting was used in which the first haplotype was used as the outgroup root. In the execution of the TREESCAN program the probability threshold was set at 0.05 for the corrected permutational P-value after enforcement of monotonicity. The number of permutations was 1000, and the minimum class size was set to 5.
RESULTS

Phenotype analysis:
The phenotypic data for all four traits are summarized in Table 4 . The two-way ANOVA showed that there were not only significant differences between populations and years, but also population 3 year interaction for all four response variables (Table 5) . The difference in phenotype between years, particularly for the three quality traits, can be attributed partly to the contrasting plant growth conditions (pots vs. field). Second, a larger proportion of the harvested plant material from the pots probably consisted of leaf bases compared to leaf blades, than that from the field. The leaf bases contain significantly more WSC than the blades (Gallagher et al. 2004 (Gallagher et al. , 2007 . The HD phenotype values agreed in general with previous classifications of the accessions as shown in Table 1 , but also here there was significant population by year interaction (Table 5 ). Particularly the very early flowering populations Ba10278, Ba10284, and Ba11304 were variable between years.
LD in candidate genes: The degree of polymorphism in the LpcAI and LpHD1 genes differed greatly, as 92 were found in the former and only 12 in the latter (Table  6 ). This difference is further underlined by the fact that 2796 bp were sequenced for SNP discovery in the LpcAI locus and 5604 bp in LpHD1. Maps of the two loci are shown in Figure 1 including the SNP polymorphisms analyzed for association with phenotypes. The strategy for selecting the 15 SNPs in the LpcAI gene ( Figure 1A ) was described in materials and methods. Figure 1B shows that the LpHD1 locus also included a putative peroxidise precursor-like gene. We had no a priori reason to believe it is involved in the control of flowering time. We included SNPs from this gene, as it might inform us on the extent of LD in the region. The overall and within-population allele frequencies at the loci used in the association analysis are shown in Table 7 . All SNPs were polymorphic overall in both loci, but some were monomorphic within some populations, particularly in the LpHD1 locus. Nucleotide diversity (p) in LpcAI was determined for each of the three segments that were resequenced. In the first segment (61-1263 bp) p ¼ 0.01138; in the second (1927-2730 bp) p ¼ 0.00822, and in the third (4635-5465 bp) p ¼ 0.00605. The Tajima's D values were 0.1974, 0.3593, and 1.0318, respectively. All three were nonsignificant (P . 0.10), indicating that there was no evidence to suggest a significant deviation from neutrality. However, in one localized window of the sequence (939-1038 bp) the Nine populations were used, and data were collected for 2 years. For the HD data, 96 genotypes per population were analyzed (864 in total), for the quality data 50 genotypes per population (450 in total) were analyzed. ***P , 0.001.
TABLE 6
Summary of SNP and indel polymorphisms in the two loci LpcAI (cytosolic alkaline invertase) and LpHD1 (HD1)
Polymorphism type LpcAI LpHD1
Noncoding ( Tajima's D value was 2.25, which was significant (P , 0.05), suggesting an excess of intermediate allele frequencies. In the LpHD1 gene a continuous segment of 5603 bp was resequenced. The nucleotide diversity was p ¼ 0.00500, and Tajima's D ¼ 0.8795 (P . 0.10), also indicating a trend toward excess of intermediate allele frequencies, but the effect was not statistically significant.
The pattern of LD in the two genes is shown in Figure  2 . In the LpcAI gene LD decayed to below 0.2 within 1-2 kb, although there was still significant LD between some loci at larger distances (Figure 2A ). Of the 3655 pairwise comparisons 996 were significant (P , 0.05), and of those, 177 were still significant after Bonferroni correction for multiple testing. The observed P-values were plotted against the expected P-values, expressed as Àlog(i/ (L 1 1) ), where i is the ith smallest P-value, and L is the number of pair-wise comparisons. The values deviated significantly from the expected 1 to 1 ratio (L. Skøt, unpublished data), suggesting that population structure or other systematic forces were influencing the result (Balding 2006) . Nevertheless, Figure 2A shows that there are many significant pair-wise LD values at distances .4000 bp. The small number of SNPs in the LpHD1 locus made it difficult to draw firm conclusions about decay of LD with distance. Only 9 of the 12 polymorphisms were included in this analysis, as the remaining 3 were singletons. Of the 36 pair-wise comparisons, 8 were significant before Bonferroni correction, and 2 were significant after. Within-population LD patterns in the LpHD1 locus is summarized in Figure 3 . They show that the proportion of locus-pairs in LD tended to be largest in Ba9955, Ba10732, Ba10870, and Ba12945, all intermediate to very late flowering populations (see Tables 1 and 4) .
Population structure: The population structure was investigated using AFLP markers. A total of 506 markers with a band frequency $0.05 were produced from amplification with six selective primer pair combinations. They were analyzed with the AFLP-SURV version 1.0 software for basic population genetics parameters including gene diversity (expected heterozygosity) and F statistics (population differentiation). The results are summarized in Table 8 and show that within-population heterozygosity accounted for 85-91% of the total heterozygosity, which is consistent with many previous assessments in L. perenne. This confirms previous work that within-population genetic diversity is generally much larger than between populations in this species (Roldan-Ruiz et al. 2000; Cresswell et al. 2001; Skøt et al. 2005) . The F ST values indicate that $10-15% of the total genetic variation is due to population structure. The presence of population substructure is not surprising, given the diverse geographic origins and the deliberate selection of accessions with the widest possible range of variation in flowering time (see Table 1 ). The AFLP marker data were also used in a more detailed analysis of population structure with the STRUCTURE version 2.1 software program. Of the 506 markers, 73 were also polymorphic in an F 2 mapping family described elsewhere . While AFLP marker distribution can be clustered (Bert et al. 1999) , we found that the 73 mapped markers were distributed fairly randomly on each of the seven linkage groups of L. perenne (between 6 and 17 per linkage group). If extrapolated to the unmapped markers, it would be between 40 and 120 per linkage group. Data representing AFLP markers for each primer pair were analyzed individually, but they all gave similar results. When we included a prior assumption of nine populations, and K was varied from 2 to 10, the number of inferred clusters with the highest probability was eight or nine, depending on the primer pair, and they coincided well with the nine given. Moreover, for each genotype, there was little evidence of ancestry from more than one inferred cluster. An almost identical result was obtained without a priori assuming the presence of nine populations. When each of the nine populations were analyzed separately, with K varied from 2 to 6, the proportion of ancestry from the different clusters was approximately evenly distributed between the clusters, suggesting little or no population structure within the nine populations (see documentation for STRUCTURE software version 2). The within-population analysis was based on fewer polymorphic markers than 506 owing to absence of markers in some populations. Nevertheless, it was still between 325 and 418, depending upon the population, sufficient to detect within-population structure, if it was present. Taken together, these results led us to the conclusion that the 864 genotypes were clustered in nine groups, coinciding with the nine accessions used in this work.
Association analysis: An initial association analysis was performed using one-way ANOVA without taking population structure into account. There was no significant association between any of the SNPs in the LpcAI gene and WSC, N, or DMD in 2004, but four loci associated with WSC and DMD in 2005 (SNPs 1970 , 2283 . The latter trait also associated with two further loci in the 59 untranslated region of the gene (SNPs 382 and 492) (P , 0.05). There was highly significant association between HD and three SNPs in the LpHD1 locus in both years (SNPs 2118, 2389, and 4443) (P , 0.0001). The three SNPs are located in the intergenic region between the putative peroxidise precursor gene and LpHD1. One of them (4443) is located 265 bp upstream of the translational start site of LpHD1.
The presence of population structure makes it likely that some of these associations are spurious. Three strategies were used to correct for this. First, a one-way ANOVA was performed on data from individual populations separately, assuming no within-population substructure. In the LpcAI locus, seven SNPs associated with WSC in Ba11304 in 2004 ( Figure 4A ). Six of those SNPs associated with WSC in Ba10278. Five SNPs were also significant in Ba10158 in 2005, but only SNP_382 was significant in all three populations. For DMD, 11 SNPS were significant in Ba10732 in 2004. Five of those were also significant in Ba10284, and six were significant in Ba10158 in 2005 (L. Skøt, unpublished data) . A more consistent pattern emerged from the association analysis of the LpHD1 gene ( Figure 4B ). First, there were a large number of associations with HD in the Ba9955 population (six in 2004 and five in 2005, with a high degree of overlap). Second, the SNPs 4443 and 5443 were both significantly associated with HD in six samples. Both SNPs are located in the HD1 gene or immediately upstream, rather than in the putative peroxidase precursor gene. Furthermore, the degree of significance was particularly high for the 4443 SNP Recently, the use of haplotype trees has been advocated for the analysis of genotype/phenotype associations, as they have the potential to uncover associations with extended haplotypes, particularly if the level of LD is significant (Buntjer et al. 2005; Templeton et al. 2005) . Since there was evidence of significant LD in both loci investigated here over the whole of each gene, we carried out the tree-scanning analysis as described by Templeton et al. (2005) as the third analysis. The heterozygous nature of L. perenne meant that phases A total of 864 genotypes derived from AFLP marker data. The genetic diversity and population subdivision measures follow the notation of Lynch and Milligan (1994) . H W is the within-population genetic diversity, H B is the between-population diversity, and
Wright's measure of population subdivision. Numbers in brackets are standard errors based on 1000 permutations. had to be inferred. This was performed using the program PHASE version 2.0 as described above and resulted in 17 haplotypes over the eight loci of the LpHD1 gene (Table 9 ). They were used to produce a maximum parsimony tree in the program PHYLIP. Changing the haplotype used as an outgroup root did not alter the outcome of the association analysis significantly. The information from this plus the most likely diplotypes of the 864 genotypes and the phenotype data were all used in the TREESCAN program. The result of the first round of tree scanning for the whole data set is shown in Figure 5 . The significant branch points are connecting the same haplotypes in both of the alternative haplotype trees. For reasons of simplicity we will therefore focus on the results of the tree-scanning analysis of the first tree. Figure 5 illustrates the consistency of the results between the 2 years. The only discrepancy was the transition between haplotype 4 and 7, which was only significant in 2004. The significant branch points all involve three polymorphisms, namely 2118, 2389, and 4443. The single exception is the branch between haplotype 2 and an intermediate haplotype, not present in the sample, joining haplotype 9 in the second haplotype tree ( Figure 5 ). This is the 1475 SNP, which changes an asparagine to isoleucine in the first exon of the putative peroxidase precursor protein ( Figure 1B) . The 2118 and 4443 SNPs were one of only two pair-wise SNPs, which were in significant LD after Bonferroni correction for multiple testing. These three polymorphisms were also highly significantly associated with HD in the single SNP ANOVA test. However, this tree-scanning analysis was performed on all 864 genotypes without consideration of population structure. We therefore did the analysis again on each population separately. Table  10 shows that Ba9955, Ba10732, and Ba10870 had significant associations at branch points involving the 2118 and 4443 polymorphisms, but not 2389 in all three populations. In addition, Ba9955 was significant at the branch between haplotypes 10 and 14 (polymorphism 513) in 2004. The reduced number of significant branches could be caused by loss of power due to smaller number of genotypes in each analysis, and/or by false positives in the analysis of the full data set ignoring population structure.
In the LpcAI gene the PHASE program identified 37 haplotypes in the best reconstruction of the sample. However, the phylogenetic ambiguity of the data meant that it could be resolved in 75 possible haplotype trees. A subset of 10 randomly chosen trees was used in the TREESCAN analysis, and in every case the same branch between haplotype 7 and 31 was significant for WSC in 2004 and N in 2005. This involves the SNP_202 polymorphism ( Figure 1A ). When the analysis was performed on individual populations no significant branches were found. Phenotypic values represent the response variate, and genotypes are the independent variables. The numbers 4 and 5 in A represent years. The shading represents different levels of significance: Light gray, P , 0.05; intermediate gray, P , 0.01; black: P , 0.001. NA, not analyzed owing to monomorphism at that locus.
DISCUSSION
Polymorphism in LpcAI and LpHD1: The large difference between LpcAI and LpHD1 in the number of polymorphisms (Table 6 ) and nucleotide diversity, particularly in the first segment of the LpcAI gene, may at first glance suggest that the LpHD1 gene is functionally more important and has been subject to stronger selective pressure than the LpcAI gene. However, the proportion of nonsynonymous SNPs is actually higher in the LpHD1 locus (16.7%) than in LpcAI (8.7%). Admittedly, this comparison is based on very different total numbers of SNPs in the two genes (Table 6) . Nevertheless, the vast majority of SNPs in LpcAI are located in the 59 upstream region. It is also interesting to note that the overall Tajima's D value in one window (939-1038) of the LpcAI gene was significantly positive, while it was nonsignificant throughout the LpHD1 locus. The positive Tajima's D values in both genes indicate a trend toward excess of intermediate frequency alleles. This effect can be caused by population bottlenecks, structure, or balancing selection (Biswas and Akey 2006) . In view of the strong evidence for significant population structure in the plant material used here, this may be a contributing factor.
The presence of a high degree of polymorphism raises the possibility that the PCR-based resequencing of the LpcAI gene may have amplified different genes of a gene family. It is well established that temperate grasses, including L. perenne, have a number of closely related genes involved in fructan and sucrose metabolism, including invertases (Gallagher et al. 2004; Chalmers et al. 2005) . We therefore developed a sequence-characterized RFLP marker on the basis of one of the SNPs, which was located in a SfoI restriction site. This mapped to the same location as the original invertase RFLP in the F 2 mapping family described by Turner et al. (2006) . In the case of the LpHD1 locus, the sequencing was based on a BAC clone isolated from a L. perenne library (Farrar et al. 2007 ) and identified on the basis of the S2539 marker primers, which span the unique putative peroxidise precursor gene adjacent to the HD1 gene . The synteny with the rice HD1 locus on chromosome 6 was confirmed by further sequencing of the BAC clone beyond the peroxidise precursor gene (accession no: AM489608).
Association analysis: Although there were significant associations identified within populations, none of the analyses identify consistent associations between the polymorphisms in the LpcAI gene and WSC, N, or DMD phenotypes. A possible explanation could of course be that there is no causal link between the allelic variants in LpcAI and these traits. Although the data from different years were analyzed separately to minimize the year effect, the significance of the population 3 year interaction is most likely a contributory factor. Haplotypes of the LpHD1 gene and the number of times they are estimated to occur in the sample in the best reconstruction as implemented in the PHASE version 20 program and described in materials and methods. In the LpHD1 locus, both the ANOVA and treescanning analyses of the total set of 864 genotypes identified SNPs 2118, 2389, and 4443 as highly significant. These results could be spurious due to population structure, but the linear mixed model, within-population ANOVA and tree-scanning analyses all identified the 4443 SNP as significantly associated with HD. The latter two methods identified both SNP_2118 and SNP_4443 as highly significant in the Ba9955 population, as well as SNP_4443 in Ba10732. The relative loss of power of the tree-scanning method compared to the within-population ANOVA of individual SNPs, due to the multiple testing issue (Templeton et al. 2005) , probably explains why the ANOVA identified more significant associations (Table 10, Figure 4B ). Nevertheless, the haplotype treebased analysis has the potential to add a further dimension to the association analysis by identifying potentially interesting haplotype clusters, which single SNP analysis may miss. In this context it is interesting to note that the PHASE and the tree-scanning analyses show that, of the 320 haplotypes containing the A allele in the 4443 polymorphism, 315 were haplotype 8 (CCTCCAGG) ( Table 9 ). In contrast, the 544 genotypes with the C allele were distributed over 13 haplotypes. It may suggest that this haplotype as a whole, rather than just the 4443-A allele, is associated with late flowering, illustrating the kind of result that the haplotype treebased analysis has the potential to highlight. However, there are too few genotypes of the other 4443-A allele haplotypes to verify this. As pointed out by Templeton et al. (2005) , the tree-scanning method distinguishes between the same allelic variant in different haplotypes and may thus be able to identify a significant specific haplotype with the allelic variant, while the single SNP analysis of the same allelic variant might be diluted by its presence in other nonsignificant haplotypes. This potential advantage of tree-scanning disappears if the allelic variant in question is functional, since the haplotype setting in that case is unimportant. There is as yet no evidence to suggest if the C-4443-A polymorphism is functional or simply in LD with a functional variant.
The within-population ANOVA and tree-scanning analyses show that individual populations differ in their ability to identify associations ( Figure 4B , Table 10 ). This has potential implications for choosing which populations to use for association mapping, although there seems to be no clear pattern to guide the choice of populations for analysis. Some of the differences between populations can be attributed to small or zero minor allele frequencies (Table 7 ), but Figures 3 and 4B show that the populations in which most associations were found with HD (Ba9955, Ba10732, and Ba10870) were all intermediate or late flowering and also tended to have most locus pairs in significant LD. The Ba12945 population is an exception by not having any loci significantly associated with HD, but a high proportion of locus pairs are in LD, as well as being late flowering, so the significance of this is not clear. Aranzana et al. (2005) discuss the issue of discarding genuine associations by accounting for population structure, due to association between the polymorphism and population stratification as well. Although all three analysis strategies, which took account of population structure, identified the 4443 polymorphism as significant in this work, Table 7 shows that allele frequency differences exist between populations, particularly in the LpHD1 gene. The 4717 SNP was only polymorphic in the Norwegian population Ba10113, and even in that, it was only homozygous for the G allele or heterozygous (A/G). This SNP was included because it was the only nonsynonymous polymorphism in the LpHD1 coding sequence, changing a valine to methionine (amino acid number 33 in the translated sequence) within the B-box 1 motif of the zinc finger domain in the translated sequence (Yanoet al. 2000; Martin et al. 2004; Armstead et al. 2005) . The functional importance of this polymorphism is not known, but its rare occurrence would suggest that it is either a very recent mutation or a functionally important one, or both. It would be interesting to obtain genotypes that were homozygous for the methionine allele and assess the impact on HD.
In view of the results of the association analysis, it seemed reasonable to assume that the 4443 polymorphism could be a potentially useful polymorphism for marker-assisted selection for HD. Uniformity of flowering date is essential for variety registration, and fixing the genes with major effect on flowering time directly through SNP allele selection will increase uniformity in this out-crossing species. Flowering time is a relatively time-consuming trait to measure accurately, as it involves Tree-scanning analysis within populations Population Year Branch F-statistic P vk P Sim P Mon recording days after a particular date until ear emergence of the whole breeding population at two-day intervals throughout the flowering period. The marker may be particularly useful in the turf-grass breeding program where one of the goals is to obtain elite varieties with an earlier flowering time, since this is likely to enhance seed yield as harvesting conditions will be more favorable earlier in the year. However, it is crucial to verify the usefulness of markers identified in association analyses as illustrated by Andersen et al. (2005) and Camus-Kulandaivelu et al. (2006) , who undertook a second association analysis of the Dwarf8 polymorphisms and flowering time in order to validate the results of Thornsberryet al. (2001) . We have therefore carried out crosses between genotypes from the Ba10732 population, which were homozygous for the ''early'' C allele, with either heterozygous or homozygous ''late'' A allele turf-grass varieties. Sixty genotypes of the turfgrass cultivar AberElf were screened for the 4443 SNP and were all found to be homozygous A/A. As well as being extremely late heading, AberElf also has low seed set. The LpHD1 gene underlies a highly significant QTL, presumably influenced by unrelated but linked gene(s), that increases seed setting two-and fourfold in two unrelated perennial ryegrass mapping families (L. Skøt, unpublished data); and the 4443 SNP is a potentially useful marker for jointly bringing forward flowering date and improving seed setting, a major component of seed yield in out-crossing crops in a backcross breeding program. The segregating progeny will be evaluated for HD and seed setting.
In conclusion, a potential candidate SNP (4443) was identified in the LpHD1 locus, which consistently associated with HD. Its usefulness as a marker is currently being assessed by crosses with turf-grass varieties. While haplotype tree-based association mapping has been described in the model species A. thaliana (Olsen et al. 2004; Aranzana et al. 2005) , this is, to our knowledge, the first use of the tree-scanning analysis in a crop species. It also identified the 4443 polymorphism as in the single SNP analysis, but extended it to the 2118 SNP, despite the loss of power due to correction for a larger number of multiple tests compared to single SNP analyses (Templeton et al. 2005) . As stated by Buntjer et al. (2005) , haplotype tree-based association analysis may have further potential to infer unobserved haplotypes in the sample and predicting their phenotype. In combination with single SNP analyses it could assist in distinguishing between functional and nonfunctional allelic variants merely linked to a functional variant.
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